The nucleus accumbens (NAc) has been shown to be important for learning from feedback, and biasing and 2 invigorating behavior in response to outcome-predictive cues. NAc encodes outcome-related cue features 3 such as the magnitude and identity of reward. However, not much is known about how features of cues 4 themselves are encoded. We designed a decision making task where rats learned multiple sets of outcome-5 predictive cues, and recorded single-unit activity in the NAc during performance. We found that coding of 6 various cue features occurred alongside coding of expected outcome. Furthermore, this coding persisted both 7 during a delay period, after the rat made a decision and was waiting for an outcome, and after the outcome 8 was revealed. Encoding of cue features in the NAc may enable contextual modulation of ongoing behavior, 9 and provide an eligibility trace of outcome-predictive stimuli for updating stimulus-outcome associations to 10 inform future behavior. 11 2 Theories of nucleus accumbens (NAc) function generally agree that this brain structure contributes to moti-13 vated behavior, with some emphasizing a role in learning from reward prediction errors (RPEs) (Averbeck &
Coding of cue identity occurs independently of encoding of motivationally relevant variables such as expected outcome or subsequent vigor. Top: Same as H1, with unit A discriminating between reward-available and reward-unavailable cues. Bottom: Unit B discriminates firing across stimulus modalities, depicted here as firing to light cues but not sound cues. H3 (right panel): Coding of cue identity is integrated with coding of other motivationally relevant variables. Hypothetical example demonstrating a unit that responds to outcome-predictive cues, but firing rate is also modulated by cue identity, firing most for the reward-available light cue. B: Displayed are schematic PETHs illustrating potential ways in which cue identity signals may persist over time. H1 (left panel): Cue-onset triggers a transient response to a unit that codes for cue identity. Dashed lines indicate time of a behavioral or environmental event. 'Cue-ON' signifies onset of cue, 'NP' signifies when the rat holds a nosepoke at a reward receptacle, 'Out' signifies when the outcome is revealed, 'OFF' signifies when the cue turns off. H2 (middle panel): Coding of cue identity persists during a nosepoke hold period until outcome is revealed. Coding can either be maintained by the same unit as during cue-onset (H2A) or by a sequence of units (H2B). H3 (right panel): Coding of cue identity persists after the outcome is received when the rat gets feedback about his decision, by either the same unit as during cue-onset (H3A) or by a sequence of units (H3B). The same hypotheses apply to other information-containing aspects of the environment when the cue is presented, such as the physical location of the cue. A session was started with a 5 minute recording period on a pedestal placed in the center of the apparatus. Rats then performed the light and sound blocks of the cue discrimination task in succession for 100 trials each, followed by another 5 minute recording period on the pedestal. Left in figure depicts a light block, showing an example trajectory for a correct reward-available (approach trial; red) and rewardunavailable (skip trial; green) trial. Right in figure depicts a sound block, with a reward-available (approach trial; navy blue) and reward-unavailable (skip trial; light blue) trial. Ordering of the light and sound blocks was counterbalanced across sessions. Reward-available and reward-unavailable cues were presented pseudorandomly, such that not more than two of the same type of cue could be presented in a row. Location of the cue on the track was irrelevant for behavior, all cue locations contained an equal amount of reward-available and reward-unavailable trials. became apparent after cue-onset ( Figure 5D ). Together, these findings show that various cue features are 119 represented in the NAc, and that this coding is both integrated and separate from expected outcome ( Figure   120 1; H2,H3). Figure 4 : Examples of different cue-modulated NAc units influenced by various task parameters. A: Example of a cue-modulated NAc unit that showed an increase in firing following the cue, and encoded cue identity. Top: rasterplot showing the spiking activity across all trials aligned to cue-onset. Spikes across trials are color-coded according to cue type (red: reward-available light; green: reward-unavailable light; navy blue: reward-available sound; light blue: reward-unavailable sound). Green and magenta bars indicate trial termination when a rat initiated the next trial or made a nosepoke, respectively. White space halfway up the rasterplot indicates switching from one block to the next. Dashed line indicates cue onset. Bottom: PETHs showing the average smoothed firing rate for the unit for trials during light (red) and sound (blue) blocks, aligned to cue-onset. Lightly shaded area indicates standard error of the mean. Note this unit showed a larger increase in firing to sound cues. B: An example of a unit that was responsive to cue identity as in A, but for a unit that showed a decrease in firing to the cue. Note the sustained higher firing rate during the light block. C-D: Cue-modulated units that encoded cue location, each color in the PETHs represents average firing response for a different cue location. C: The firing rate of this unit only changed on arm 3 of the task. D: Firing decreased for this unit on all arms but arm 4. E-F: Cue-modulated units that encoded cue outcome, with the PETHs comparing reward-available (red) and reward-unavailable (green) trials. E: This unit showed a slightly higher response during presentation of reward-available cues. F: This unit showed a dip in firing when presented with reward-available cues. G-H: Examples of cue-modulated units that encoded multiple cue features. G: This unit integrated cue identity and outcome. H: An example of a unit that integrated cue identity and location. All units  443  155  216  27  45  Rat ID  R053  145  51  79  4  11  R056  70  12  13  17  28  R057  136  55  75  3  3  R060  92  37  49  3  3  Analyzed units  344  117  175  18 A: GLM matrix illustrating the contribution of various task parameters to NAc unit firing rates. A stepwise GLM was fit to each unit that showed evidence of cue modulation by a Wilcoxon signed-rank test. Each row represents a given task parameter, and each column corresponds to a single unit. Colors indicate how much of the firing rate variance an individual predictor contributed to the model, as measured by differences in R-squared between the final model and the model minus the predictor of interest. Ordering from left to right: MSNs that increased firing in response to the cue (green, left of line), MSNs with a decreasing response (red, left of line), FSIs with an increasing response (green, right of line), FSIs with a decreasing response (red, right of line). Darker shades indicate more firing rate variance explained by a given predictor. Black line indicates separation of MSNs and FSIs. Scale bar indicates range of improvements to model fit for units with an increasing (green) and decreasing (red) response to the cue. B: Violin plots demonstrating changes in R-squared values with the addition of each of the individual predictors. The mean, median, and distribution of changes in R-squared values is plotted for each of the seven task parameters used in the GLM. C: Venn diagram illustrating the number of cue-modulated units encoding cue identity (blue circle), cue location (green circle), cue outcome (pink circle), as well as the overlap among units that encoded multiple cue features. D-F: Sliding window GLM illustrating the proportion of cue-modulated units influenced by various predictors around time of cue-onset. D: Sliding window GLM (bin size: 500 ms; step size: 100 ms) demonstrating the proportion of cue-modulated units where cue identity (blue solid line), cue location (red solid line), and cue outcome (yellow solid line) significantly contributed to the model at various time epochs relative to cue-onset. Dashed colored lines indicate the average of shuffling the firing rate order that went into the GLM 100 times. Points in between the two vertical dashed lines indicate bins where both preand post-cue-onset time periods where used in the GLM. E: Same as D, but for approach behavior and trial length. F: Same as D, but for trial number and previous trial. G-I: Average improvement to model fit. G: Average percent improvement to R-squared for units where cue identity, cue location, or cue outcome were significant contributors to the final model for time epochs surrounding cue onset. Shaded area around mean represents the standard error of the mean. H: Same as G, but for approach behavior and trial length. I: Same G, but for trial number and previous trial.
Task parameter
We observed a variety of single unit response profiles around the time of cue onset (Figure 4 ). To investigate 123 whether these firing rate patterns were related to what cue features were encoded, we plotted the population 124 level averages for units that were modulated by each feature. To do this, we normalized firing activity for 125 each unit that was modulated by a given cue feature, such as light block, then generated the cue-onset aligned 126 population average firing rate for each of the cue features ( Figure 6 ). Overall, this analysis revealed that cells 127 that showed an increase upon cue presentation had stronger responses for the preferred cue condition ( Figure   128 6A,C,E). Interestingly, units that were classified as decreasing in response to the cue showed a biphasic 129 response at the population level, with a small peak at a time in alignment with entry into the arm, followed by 130 a sustained dip after cue-onset ( Figure 6B ,D,F). Units that were modulated by cue identity showed a stronger 131 increase in response to the preferred task block, as well as a higher tonic firing rate to the preferred task block, 132 most notably in units that decreased in firing rate to the cue (Figure 6A,B) . Units that were modulated by cue 133 location showed a graded response to locations of decreasing preference, with peak firing occurring around 134 cue-onset ( Figure 6C,D) . Units that were modulated by cue outcome showed a ramping of activity after 135 cue-onset for their preferred cue type. Additionally, units that exhibited a decrease in firing in response to 136 the cue and whose activity was modulated by cue outcome, showed a sustained discriminatory response to 137 reward-available and reward-unavailable cues that extended beyond cue-onset ( Figure 6F ). Together, these Note larger increase to preferred stimulus block over nonpreferred stimulus block. Black lines indicate the average of 1000 rounds of random sampling of units from the non-drifting population for the preferred and non-preferred blocks. B: Same as A but for units that decreased in firing. Note population level activity reveals units classified as decreasing in response to cue show a biphasic response at the population level, with a transient increase around the time the rat starts on the arm, followed by a minimum after cue onset. Also, note the sustained difference in firing between the two blocks. C-D: Same as A-B for cue location. Activity is plotted for most preferred arm (black) and least preferred arm (magenta). E-F: Same as A-B for cue outcome. Activity is plotted for preferred expected outcome (red), and nonpreferred outcome (green). Note the larger increase to the cue representing the units preferred outcome (E), and the sustained decrease to the nonpreferred outcome (F).
Given the varied time courses and response profiles of NAc units to various aspects of the cue, the NAc 142 may be computing a temporally evolving state value signal (Pennartz., 2011). If this is the case, then the 143 recruitment of NAc units should vary alongside changes in the environment. To look at the distribution of 144 responses throughout our task space and see if this distribution is modulated by cue features, we z-scored 145 the firing rate of each unit and plotted the normalized firing rates of all units aligned to cue-onset and sorted 146 them according to the time of peak firing rate (Figure 7) . We did this separately for both the light and sound 147 blocks, and found a nearly uniform distribution of firing fields in task space that was not limited to alignment 148 to the cue ( Figure 7A ). Furthermore, to determine if this population level activity was similar across blocks, 149 we also organized firing during the sound blocks according to the ordering derived from the light blocks.
150
This revealed that while there was some preservation of order, the overall firing was qualitatively different 151 across the two blocks, implying that population activity distinguishes between light and sound blocks. To 152 control for the possibility that any comparison of trials would produce this effect, we did a within block 153 comparison, comparing half of the trials in the light block against the other half. This comparison looked 154 similar to our test comparison of sound block trials ordered by light block trials. Additionally, given that the 155 majority of our units showed an inhibitory response to the cue, we also plotted the firing rates according to 156 the lowest time in firing, and again found some maintenance of order, but largely different ordering across 157 the two blocks, and the within block comparison ( Figure 7D ). To further test this, we divided each block into Unit firing rates taken from the sound block, ordered according to peak firing rate taken from the light block. Note that a weaker but still discernible diagonal persists, indicating partial similarity between firing rates in the two blocks. A similar pattern exists for within-block comparisons suggesting that reordering any two sets of trials produces this partial similarity, however correlations within blocks are more similar than correlations across blocks (see text). B: Same layout as in A, except that the panels now compare two different locations on the track instead of two cue modalities. As for the different cue modalities, NAc units clearly discriminate between locations, but also maintain some similarity across locations, as evident from the visible diagonal in the right panel. Two example locations were used for display purposes; other location pairs showed a similar pattern. C: Same layout as in A, except that panels now compare reward-available and reward-unavailable trials. D-F: Heat plots aligned to normalized minimum firing rates. D: Responses during different stimulus blocks as in A, but with units ordered according to the time of their minimum firing rate. E: Responses during trials on different arms as in B, but with units ordered by their minimum firing rate. F: Responses during cues signalling different outcomes as in C, but with units ordered by their minimum firing rate. Overall, NAc units "tiled" experience on the task, as opposed to being confined to specific task events only. Units from all sessions and animals were pooled for this analysis.
Encoding of cue features persists until outcome:
In order to be useful for credit assignment in reinforcement learning, a trace of the cue must be maintained A: Example of a cue-modulated NAc unit that encoded cue identity at both cue-onset and during nosepoke hold. Top: rasterplot showing the spiking activity across all trials aligned to nosepoke. Spikes across trials are color coded according to cue type (red: reward-available light; green: reward-unavailable light; navy blue: reward-available sound; light blue: reward-unavailable sound). White space halfway up the rasterplot indicates switching from one block to the next. Black dashed line indicates nosepoke. Red dashed line indicates receipt of outcome. Bottom: PETHs showing the average smoothed firing rate for the unit for trials during light (red) and sound (blue) blocks, aligned to nosepoke. Lightly shaded area indicates standard error of the mean. Note this unit showed a sustained increase in firing to sound cues during the trial. B: An example of a unit that was responsive to cue identity at time of nosepoke but not cue-onset. C-D: Cue-modulated units that encoded cue location, at both cue-onset and nosepoke (C), and only nosepoke (D). Each color in the PETHs represents average firing response for a different cue location. E-F: Cuemodulated units that encoded cue outcome, at both cue-onset and nosepoke (E), and only nosepoke (F), with the PETHs comparing reward-available (red) and reward-unavailable (green) trials. Activity is plotted for most preferred arm (black) and least preferred arm (magneta). E-F: Same as A-B for cue outcome. Activity is plotted for preferred expected outcome (red), and nonpreferred outcome (green). Note the peak after outcome receipt for preferred outcome in decreasing units (F). Unit firing rates taken from the sound block, ordered according to peak firing rate taken from the light block. Note that a weaker but still discernible diagonal persists, indicating partial similarity between firing rates in the two blocks. A similar pattern exists for within-block comparisons suggesting that reordering any two sets of trials produces this partial similarity, however correlations within blocks are more similar than correlations across blocks (see text). B: Same layout as in A, except that the panels now compare two different locations on the track instead of two cue modalities. As for the different cue modalities, NAc units clearly discriminate between locations, but also maintain some similarity across locations, as evident from the visible diagonal in the right panel. Two example locations were used for display purposes; other location pairs showed a similar pattern. C: Same layout as in A, except that panels now compare correct reward-available and incorrect reward-unavailable trials. The disproportionate tiling around outcome receipt for reward-available, but not reward-unavailable trials suggests encoding of reward receipt by NAc units. D-F: Heat plots aligned to normalized minimum firing rates. D: Responses during different stimulus blocks as in A, but with units ordered according to the time of their minimum firing rate. E: Responses during trials on different arms as in B, but with units ordered by their minimum firing rate. F: Responses during cues signalling different outcomes as in C, but with units ordered by their minimum firing rate. Overall, NAc units "tiled" experience on the task, as opposed to being confined to specific task events only. Units from all sessions and animals were pooled for this analysis. 
